Zn-ferrite nanoparticles were synthesized at room temperature by mechanical alloying the stoichiometric (1:1 mol%) mixture of ZnO and α-Fe 2 O 3 powder under open air. Formation of both normal and inverse spinel ferrite phases was noticed after 30 minutes and 2.5 hours ball milling respectively and the content of inverse spinel phase increased with increasing milling time. The phase transformation kinetics towards formation of ferrite phases and microstructure characterization of ball milled ZnFe 2 O 4 phases was primarily investigated by X-ray powder diffraction pattern analysis. The relative phase abundances of different phases, crystallite size, r.m.s. strain, lattice parameter change etc. were estimated from the Rietveld powder structure refinement analysis of XRD data. Positron annihilation lifetime spectra of all ball milled samples were deconvoluted with three lifetime parameters and their variation with milling time duration was explained with microstructural changes and formation of different phases with increase of milling time duration.
Introduction
Ferrites are a group of technologically important materials used in magnetic, electronic and microwave fields. Magnetic nanocrystalline materials hold great promise for atomic engineering of materials with functional magnetic properties [1] [2] [3] . Many magnetic nanocrystals show superparamagnetism in single domain particles below a certain critical size. Magnetic nanocrystals have been extensively applied in magnetic recording medium, information storage, bio-processing and magneto-optical devices 4, 5 . The sulfur absorption capacity of milled zinc ferrite increases with decreasing crystallite size due to structure-reactivity relationship at high temperature.
Crystalline ZnFe 2 O 4 (cubic, a = 0.8441 nm, space group: Fd 3 m, Z = 8; ICDD PDF #22-1012) is a normal spinel at room temperature. Spinel structure is made up by a cubic close-packed array of oxygen atoms with tetrahedral (T) and octahedral (O) cavities. In the normal 2-3 spinels, one-eighth of the T sites and one-half of the O sites are filled by the divalent (A) cations (Mg , where round ( ) and square [ ] brackets denote T and O sites of co-ordination, respectively, and δ represents the degree of inversion (defined by the fraction of the T sites occupied by B cations). There are two ordered configuration stable at low temperature, the one with δ = 0 (normal spinel) and the other with δ = 1 (inverse spinel). When the temperature increases, disorder takes place, since A and B cations undergo increasing intersite exchange over the three cation sites per formula unit (one T and two O sites). The completely random distribution of A and B cations over the three cation sites corresponds to δ = 2/3, which is asymptotically approached at very high temperatures. Same type of cation distribution is also observed in ball-milled samples [6] [7] . The change in temperature or the change in milling parameter may result in change in the degree of inversion. It has been found that a metastable nanoscale structural state of mechanosynthesized ZnFe 2 O 4 is characterized by a substantial displacement of Fe 3+ cations to tetrahedral sites and of Zn 2+ cations into octahedral sites. The inverse-normal transition in mechanosynthesized zinc ferrite proceeds rapidly in the temperature range 885-1073 K and the activation energy of the transition is E ~72 kJ.mol -1 [6] . Formation of nanocrystalline ZnFe 2 O 4 as normal and inverse spinel structures was noticed after ball-milling the stoichiometric mixture of ZnO and α-Fe 2 O 3 powders in open air for different lengths of time. Formation of nanocrystalline materials in the process of ball-milling leads to significant amount of structural and microstructural defects which can be characterized by X-ray diffraction and positron annihilation spectroscopy studies.
The powder patterns of almost all the ball-milled materials, milled at different milling time are composed of a large number of overlapping reflections of α-Fe 2 O 3 , ZnO and ZnFe 2 O 4 (normal and inverse spinel) phases. The Rietveld analysis based on structure and microstructure refinement [8] [9] was adopted for precise determination of several microstructural parameters as well as relative phase abundance of such multiphase material.
The purpose of the present work is to characterize defect states of the zinc ferrite nanocomposites by positron annihilation lifetime spectroscopy (PALS) and establish their relationship with microstructure parameters obtained from X-ray analysis. PALS is a powerful technique to characterize defects in solid materials 10 . A nanostructured material contains unlimited grain boundaries and these boundaries are rich in lattice defects. Thus, PALS method can be effectively used to characterize nanostructures in terms of lattice imperfections. To the best of our knowledge, this type of analysis will help to understand the nature of deformation generated in the process of mechanical alloying in nanocrystalline ferrite powders.
Experimental Method
High-energy ball-milling of ZnO (M/s Merck, 99% purity) and α-Fe 2 O 3 (M/s Glaxo, 99% purity) mixture in 1:1 mol% was conducted in a planetary ball mill (Model P5, M/S Fritsch, GmbH, Germany). The time of milling was varied from 30 minutes to 10 hours depending upon the rate of formation of zinc ferrite phase. The step-scan data (of step size 0.02° 2θ and counting time 5 seconds) for the entire angular range (15-80° 2θ) of the unmilled mixture and all ball-milled samples were recorded using Ni-filtered CuKα radiation from a highly stabilized and automated Philips X-ray generator (PW 1830) operated at 35 kV and 25 mA.
For PALS measurements, about 12 µCi 22 Na activity was deposited and dried on a thin aluminium foil and was covered with an identical foil. This assembly was used as the positron source. The source correction was determined using a properly annealed defect-free aluminium sample. The PALS system used was a standard fast-fast coincidence set-up with two identical 1-inch tapered off BaF 2 scintillator detectors fitted with XP 2020Q photomultiplier tubes. The time resolution obtained using 60 Co source with 22 Na gates was 285 ps. All lifetime spectra were analysed using PATFIT 88 [11] programme.
Method of Analysis
The Rietveld's powder structure refinement analysis [12] [13] [14] [15] of X-ray powder diffraction data using the Rietveld software MAUD 2.26 [9] revealed the refined structural parameters, such as atomic coordinates, occupancies, lattice parameters, thermal parameters etc. and microstructural parameters, such as crystallite size and r.m.s. lattice strain etc. The experimental profiles were fitted with the most suitable pseudo-Voigt (pV) analytical function 15 because it takes individual care for both the crystallite size and strain broadening of the experimental profiles. Positron annihilation lifetime data were deconvoluted with three lifetime components using the PATFIT programme. A total source correction of 10% had been deducted while analysing the spectra. 2012; 15 (6) of unmilled mixture contained only the individual reflections of ZnO and α-Fe 2 O 3 phases and the precursors were free from impurities. It was noticed that in the course of ball milling the mixture, ZnFe 2 O 4 phase was formed and its amount increased gradually with increasing milling time. After 30 minutes milling, the formation of ZnFe 2 O 4 was noticed clearly with the appearance of (220) (2θ = 29.95°) and strongest (311) (2θ = 35.3°) reflections in the XRD pattern. It may also be noticed that the content of ZnO phase was reduced to a large extent in comparison to α-Fe 2 O 3 phase. It indicated that the ZnO phase was much prone to deformation fault as all the reflections were sufficiently broadened due to reduction in particle size and accumulation of lattice strain in the course of milling. As a result, solid-state diffusion between ZnO and α-Fe 2 O 3 nanoparticles enhanced extensively with increasing milling time. In the course of further milling, broadening as well as degree of overlapping of neighbouring reflections were increased with increasing milling time. After 2.5 hours of milling, except the strongest (104) (2θ = 33.18°) reflection, all other reflections of α-Fe 2 O 3 were disappeared completely in the XRD pattern. It was the indication of either (i) significant reduction in content of the phase or (ii) significant increase in peak-broadening due to reduction in particle size and accumulation of lattice strain aroused from the high energy impact of milling or due to both these effects.
Results and Discussion

X-ray diffraction analysis
Concurrently, an incredible change in intensities of ZnFe 2 O 4 reflections was observed in the XRD pattern. The rate of mechanosynthesis of ZnFe 2 O 4 was then increased rapidly in course of milling. After 6.5 hours milling, all reflections of starting precursors were completely disappeared and it appeared that the ZnFe 2 O 4 phase was completely grown up as the intensity distribution of the XRD pattern resembled perfectly in accordance with the ICDD PDF # 22-1012. It was reported earlier that the present process of mechanosynthesis of zinc ferrite at room temperature by ball milling may also lead to the formation of a metastable inverse spinel structure. The inverse spinel zinc ferrite was derived by a substantial displacement of Fe 3+ cations to tetrahedral (T) sites and equal amount of Zn 2+ cations into octahedral (O) sites of the cubic close-packed anionic sublattice. After 2.5 hours milling, when the formation of ZnFe 2 O 4 was almost completed, verification for formation of inverse spinel structure along with normal spinel was made because without considering the inverse spinel, fitting quality of XRD powder data was poor. Figure 2 shows the comparison of the quality of profile fitting in the 2.5 hours and 10 hours-milled samples with and without consideration of inverse spinel structure of ZnFe 2 O 4 . It is evident from the figure that the inclusion of the inverse spinel with normal one improved the profile fitting quality significantly. It indicated towards the coexistence of both Crystallite sizes of all the phases were considered to be isotropic. The crystallite size of ZnO decreased rapidly to ~11 nm within 30 minutes milling and then decreased slowly with increasing milling time. Crystallite size α-Fe 2 O 3 phase was reduced from ~75 nm to ~13 nm within 30 minutes ball milling and then decreased slowly to a saturation value ~7 nm. Normal ZnFe 2 O 4 phase was formed after 30 minutes of milling with ~19 nm crystallite size and then reduced to ~10 nm after 2.5 hours of milling. This decrease in normal spinel crystallite size was manifested in the growth of very small crystallite size of ~6 nm of inverse spinel phase after 2.5 hours of milling. After complete formation of both spinel phases, heat energy produced by high energy impacts was utilised to release the accumulated strain inside the nanoparticles and as a result, the crystallite size increased to a small extent. This effect may also be explained as the agglomeration of nanometric particles by re-welding mechanism.
The nature of variation of r.m.s lattice strain with increasing milling time is shown in Figure 4b . It is obvious that the strain value of normal spinel lattice increased very rapidly within 30 minutes and then increased very slowly with increasing milling time, but after 2.5 hours milling, lattice strain suddenly started to release and after 5 hours milling it reached a saturation value and remained almost unchanged with increasing milling time. This nature of variation corroborates the variation of particle size with increasing milling time.
Positron annihilation spectroscopy
Positron annihilation lifetime spectra (PALS) of all the ball-milled samples were deconvoluted using three lifetimecomponents τ 1 , τ 2 and τ3 with corresponding intensities I 1 , I 2 and I 3 respectively. In general, for bulk polycrystalline samples, the shortest positron lifetime (τ 1 ) is assigned to the free annihilation of positrons at defect-free sites, the intermediate lifetime (τ 2 ) is assigned to the lifetime of positrons trapped at the defect sites (mono or di-vacancies) and the longest one (τ3) to the pick-off annihilation of o-Ps atoms formed inside large voids. But, in the case of polycrystalline samples with crystallite size of the order of a few tens of nanometers, the assignments of lifetime parameters are different. When crystallite sizes become smaller compared to the mean positron diffusion length (~100 nm), positrons pass through the grains and annihilate mainly in the grain boundary regions. In this case, the shortest lifetime (τ 1 ) represents the weighted average of positron lifetimes at the grain boundary defects (mono or di-vacancies) and the lifetime corresponding to annihilation with free electrons residing at the grain boundaries. The intermediate lifetime τ 2 corresponds to annihilations at the triple junctions. Triple junctions are open volumes present at the intersection of three or more grain boundaries and their size is of the order of 8-10 missing atoms. The fraction of positrons that gets annihilated inside a grain depends on the positron 'trapping capability' of the defects present at the grain boundaries. The more is the positron trapping at grain boundary defects, the less is the probability of annihilation with free electrons inside a grain. Figure 5 shows the variation of mean positron lifetime (τ m ) for ZnO + α-Fe 2 O 3 nanocomposites as a function of ball-milling duration. τ m is related to average defect density and is defined as 
For a given type (size) of defect, higher the defect density larger will be the value of τ m . It is clear that τ m remains more or less constant throughout the ball-milling process. This implies that the overall defect density, as seen by the positrons remains more or less constant although ball-milling is expected to introduce several changes in structure and phase content of the nanocomposite. To obtain an insight into the positron capture mechanism at various trapping centers, the variation of the individual lifetime parameters with ball-milling duration is to be seen. Figure 6 shows the variation of positron lifetimes τ 1 , τ 2 and intensity I 2 with milling duration. Before milling, i.e. at milling duration t = 0 hours, lifetime τ 1 may be ascribed to free annihilation of positrons in the bulk α-Fe 2 O 3 and ZnO crystals. Positron trapping can be also expected in the grain boundary defects of α-Fe 2 O 3 as its average crystallite size is ~75 nm (Figure 4a) , which is less than positron diffusion length in solids. τ2 may be ascribed to the lifetime of positrons trapped at the defect sites viz., grain boundary defects in ZnO and triple-junctions of α-Fe 2 O 3 nanocrystals.
After 30 minutes of milling, the XRD analysis shows that the sample contains nanocrystals of ZnO, α-Fe 2 O 3 and ZnFe 2 O 4 (Figures 1 and 3) . Hence the shortest lifetime (τ 1 ) after milling the mixture for 30 minutes, may be assigned to the mixed lifetime of positrons trapped at defects (mono or di-vacancies) present at the grain boundaries of all the nanocrystals (ZnO, α-Fe 2 O 3 and ZnFe 2 O 4 ) present in the sample and also to the free annihilation inside these nanocrystalline grains. The intermediate lifetime (τ 2 ) has been assigned to the lifetime of positrons trapped at the triple junction formed at the intersection of three or more nanocrystalline grains. Similar assignment of lifetimes was seen to successfully explain the results obtained in case of ZnO nanocrystals 17 . τ 1 and τ 2 in this case can be expressed as follows
and, ( )
where i stands for species of nanocrystalline grains viz., ZnO, α-Fe 2 O 3 or ZnFe 2 O 4 , GB stands for grain-boundary, B stands for bulk i.e. the defect free sites inside a grain, n stands for the fraction of positrons annihilating in a particular site (GB or B) of a particular type of grain i, and TP stands for triple junction. Upto a milling duration of 3.5 hours, τ 1 shows a slight increasing trend. This is because of the fact that the crystallite sizes become smaller as the ball-milling duration is increased which in turn increases the surface area to volume ratio. As a result of this, the contribution from the annihilation at grain boundary increases resulting in the increase in the value of τ 1 . However τ 2 shows a decreasing trend as milling hour changes from 30 minutes to 2.5 hours and remains more or less same up to milling time 3 hours. The fall in τ 2 may be ascribed to the decrease in weight percentage of α-Fe 2 O 3 (from 58.6 to 14.9%) with increase in milling time. Disappearance of α-Fe 2 O 3 from the sample in the course of milling indicates decrease in the contribution of triple junctions to τ 2 . It can also be seen that the corresponding intensity I 2 , which gives an idea of the defect concentration related to τ 2 , maintains a steady value up to 3.5 hours of milling. Another point to be noted is that though the wt. . Lattice strain depends on the lattice imperfection and lattice imperfections may arise from the non-stoichiometric composition of the crystal structure. In this case, decrease in r.m.s. strain value of the normal spinel ferrite structure strongly indicates the removal of vacancy type defects, which arises out of non-stoichiometric composition in the ferrite structure. The removal of defects, from the normal spinel structure, leads to a decrease in contribution of defect related lifetime to the lifetime component τ 1 , leading to a reduction in its value. After 6.5 hours of milling, τ 1 again increases. At this milling stage, it was seen that the α-Fe 2 O 3 phase completely vanishes from the composite sample. Simultaneously, the wt. (%) of inverse spinel component also increases after milling the sample for 6.5 hours. This indicates a reduction in the contribution of the free annihilation of positrons in the α-Fe 2 O 3 crystals as well as of the annihilation at the grain boundary defect sites in the inverse spinel structure resulting in an overall increase in τ 1 value. However, as the complete solid solution of α-Fe 2 O 3 results in increase the wt. (%) of inverse spinel ZnFe 2 O 4 , the value of τ 2 did not change at this stage. Figure 7 shows the variation of τ 3 and I 3 as a function of ball-mill duration. Except an initial increase, value of τ 3 remains more or less steady. However, I 3 shows some fluctuations in its behavior. These fluctuations do not correlate themselves anyhow to the structural changes and hence are not discussed in this article.
Conclusion
The quantitative analysis of the XRD data evaluated on the basis of Rietveld's powder structure refinement method yielded detailed information about the structure and microstructure of mechanosysthesized nanoscale zinc ferrite as well as the distribution of cations in the spinel ferrite. The main feature of the structural disorder of mechanosynthesized zinc ferrite was the defect induced inverse spinel phase transition. The degree of inversion increased rapidly with increasing milling time and then wt. (%) of inverse phase approached towards a saturation value. Positron annihilation lifetime data shows that the mean lifetime τ m does not change much with ball milling durations. This implies that the overall defect density, as seen by the positrons remains more or less constant during milling. The variation of individual lifetimes τ 1 and τ 2 and corresponding intensities I 1 and I 2 shows evaluation of different phases with milling duration and confirms the formation of inverse spinel ferrite structure.
